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Abstract
Dissolved arsenic typically results from chemical weathering of arsenic rich sediments and is most often found in oxidized forms in surface water. The mobility of
arsenic is controlled by its valence state and also by its association with iron oxides minerals, the forms of which are both influenced by abiotic and biotic processes in aqueous environment. In this study, speciation methods were used to
measure and confirm the presence of reduced arsenic species in the surface water
of Frenchman creek, a gaining stream that crosses the Colorado- Nebraska border. Selective extraction analysis of aquifer and stream bed sediments shows that
the bulk of the arsenic occurs with labile iron-rich oxy(hydroxide) minerals. Total dissolved arsenic in surface and groundwater ranged from ~3–18 μg L–1, and
reduced arsenic species comprise about 41% of the total dissolved arsenic (16.0
μg L–1) in Frenchman creek. Leachable arsenic in the aquifer sediment samples
ranged up to 1553 μg kg–1, while samples from Frenchman creek bed sediments
contained 4218 μg kg–1. Dynamic surface and groundwater interaction sustains
arsenite in iron-rich surface headwaters, and the implied toxicity of reduced arsenic in this hydrogeological setting, which can be important in surface water environments around the globe.
Keywords: arsenic, surface-groundwater interaction, reducing environment, headwaters, sediment, speciation

1. Introduction
Arsenic can occur both in primary and authigenic minerals and is
found often in coprecipitated forms in soils and sediments. Abiotic
and biologically-catalyzed weathering reactions result in arsenic mobilization leading to elevated concentrations in ground and surface
water sources throughout the globe (Missimer et al., 2018). The release of previously sequestered arsenic from soils and sediments is
well-recognized to result in geogenic contamination of drinking water and presents significant health risks to human and other living organisms (Malakar et al., 2016; Singh and Stern, 2017; Podgorski and
Berg, 2020). The increasing incidence of elevated arsenic from across
the globe underlines our concerns for health hazard through possible
human exposure via drinking water (Shankar et al., 2014). As per the
recommendations of the World Health Organization (WHO), an arsenic concentration above 10 μg L–1 induces toxicity, causing serious
health conditions including cancer in skin, lungs, bladder and kidney.
Inorganic arsenic at circumneutral pH occurs primarily as either arsenite, As (III) (H3AsO3) or arsenate, As(V) (H2AsO4– and HAsO42–). The
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relative toxicity of arsenic to humans depends on the valence state,
where the reduced form (As(III)) is more toxic to humans than the oxidized form (As(V)) due to higher retention time in the body (Malakar et al., 2016).
The prevalence of reduced As(III) or oxidized As(V) in water is generally dependent on the physicochemical conditions that are present
in soils, sediments, and aqueous environment (Sorg et al., 2014). Under anoxic conditions prevalent in groundwater, As(III) is dominant
whereas As(V) is more dominant in aerobic environments more predominant in surface water (Stubbe et al., 2011). Most naturally occurring arsenic in soils and aquifer sediments is associated with metal
oxides/hydroxides (specifically of iron), either adsorbed to the mineral surfaces or incorporated in the crystal structure (Strawn, 2018).
Arsenic adsorption to iron oxide minerals is dependent on the oxidation state of arsenic and pH whereby it can form strong inner and/or
outer sphere complexes based on the charge of the arsenic species
(Dixit and Hering, 2003; Fendorf et al., 2010; Fan et al., 2014; OnaNguema et al., 2005; Ona-Nguema et al., 2009; Wang et al., 2014;
Wu et al., 2018). In addition to direct redox effects, the mobility of
arsenic can be attributed to changes in its association with iron oxides minerals which in turn are influenced by both abiotic and biotic
factors (Dixit and Hering, 2003; Mackay et al., 2014; Mladenov et al.,
2014; Neumann et al., 2014; Neil and Jun, 2016; Nickson et al., 1998,
2000; Sathe et al., 2018). Microorganisms are capable of directly altering arsenic mobility through the change in arsenic redox state and
may also bring about reductive dissolution of iron (oxyhydr)oxides/
oxides minerals.
Reductive dissolution of iron oxide minerals can release arsenic
into the surrounding soil pore water (Ding et al., 2018; Malakar et al.,
2020; Melton et al., 2014; Miot and Etique, 2016; Mladenov et al., 2010,
2015; Nghiem et al., 2020; von der Heyden and Roychoudhury, 2015;
Whaley-Martin et al., 2016; Wu et al., 2018). Under reducing conditions iron can be utilized as a terminal electron acceptor also favoring
reduction of As(V) to As(III) (Fan et al., 2014; Fendorf et al., 2010; Herbel and Fendorf, 2006; Kocar and Fendorf, 2009; Rawson et al., 2016).
The production of dissolved As(III) can influence mobility, as arsenite is
known to be more mobile compared to arsenate (Malakar et al., 2016).
However, under oxic conditions, both arsenic and iron can be oxidized
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chemically and biologically (Straub et al., 2001; Ilbert and Bonnefoy,
2013; Bissen and Frimmel, 2003; Tallman and Shaikh, 1980). a These
results in iron oxide precipitation and subsequent adsorption of arsenic (charged arsenates) to the iron–oxyhydroxide (Fe-OOH) mineral
surfaces and removal from pore water. These interrelated processes
are all important in considering arsenic mobility, occurrence, and potential for human exposure through drinking water.
Groundwater in south-western Nebraska is generally low in dissolved organic carbon, and tends to be dominated by high dissolved
oxygen and bicarbonate, which differs markedly from the reducing,
carbonate-poor systems widely studied in the context of arsenic mobilization (Aparicio et al., 2000; Rowland et al., 2006; Smedley et al.,
2003). Elevated arsenic concentrations have been previously reported
in Nebraska public supply wells and sources are generally considered
to be geogenic (Gosselin et al., 2006). While the occurrence of reduced
arsenic in these public water systems has been previously reported,
accumulation, mobilization and persistence of As(III) in surface water
at a stream headwater fed by local groundwater has not. In the present study, we evaluate the source(s) and forms of arsenic in the surface and groundwater at Wauneta, NE in the panhandle of western
Nebraska and link it to the sediments in the region. Reduced arsenic
(As(III)) was found to be prevalent in the surface water of the creek
(stream) at the study site. Creek bed sediments presented unique redox hot spots, which controlled arsenic mobility, and stabilized reduced arsenic in the surface water.
2. Material and methods
2.1. Study area
Frenchman creek is a first-order groundwater-fed perennial stream
with an average discharge around 20 cfs waterway. The creek is 267
km in length that crosses the Colorado-Nebraska border. (USGS
06834000 Frenchman creek at Palisade, Nebraska; Waterdata.gov).
Groundwater levels in the upper reaches of the watershed have experienced significant declines leading to westward migration of baseflow
due to an increasing density of irrigation wells installed between 1950
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and 2020 (Traylor and Zlotnik, 2016). Perennial baseflow now exists
approximately 20 km east of the Colorado-Nebraska border (Traylor
and Zlotnik, 2016). Downstream flow is maintained by growing season releases from Enders Reservoir located approximately 10 km upstream from Wauneta, NE (Fig. 1a).
Previous investigations have described the hydrogeology of the
upper Frenchman creek valley and strata includes Quaternary and
Tertiary deposits (Cardwell and Jenkins, 1963). Regionally, higher
arsenic concentrations are generally associated with water bearing
units in the older Tertiary Ogallala group aquifer consisting of sand,
siltstone with channel fill gravels (Gosselin et al., 2006). The sediments sampled for this study are similar material, and based on detailed textural descriptions the subsurface lithology of the area can
be divided into five zones (Fig. 1b). The unsaturated zone (Zone Q)
extending to the water table (blue line in Fig. 1b) consists of a mixture of Quaternary alluvium (stream gravel, sand, silt, and clay), dune
sands (fine to coarse sand), and the Pleistocene Sanborn Formation silt with large amounts of sand and loess. At and below the water table, Zone A is composed of clean sands/gravels separated by
silty/mud-rich layers with some thin limestone beds. The sand bodies are not laterally continuous and may be part of the Ogallala Formation. Depth from ~873 m to ~865 m is mostly composed of calcareous sands/gravels, mixed with clays and silts and also contains
thin, hard limestone beds (caliche) (Zone B). This zone appears laterally continuous and is also likely to be Ogallala formation. The next
layer beneath 865 m consists of clay that overlies mixed gravel/clay
(Zone C). Lastly, the deepest layer sampled is mainly composed of
organic-rich marine black shale with thin beds of bentonite, gypsum,
and sand, and is part of the Cretaceous Pierre shale formation (Zone
D). The configuration of the water table suggests that Frenchman’s
creek is a losing stream along this stretch.
2.2. Surface water, groundwater, and sediment collection
Surface and groundwater samples were collected in 2016 both from
Frenchman creek and from public drinking water supply wells (PWS)
located throughout Wauneta, NE (40°24′59′′N and 101°22′21′′W)
(Fig. 1a). The sampling and coring were undertaken to characterize
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Fig. 1. (a) Locations of the supply wells and multilevel monitoring wells relative to Frenchman creek in Wauneta, Nebraska, USA. Number marked in the
map designates as follows: 1 indicates locations of PWS-1, GMW- 5–50 &
GMW-6–135; 2 locates PWS-2; 3 – PWS- 4, GMW-1–175, GMW-2–147, GMW3–105 & GMW-4–77; 4 indicates Frenchman creek surface water samples; and
5 shows Frenchman creek core location (b) Subsurface geologic cross section for Wauneta, NE based on Gamma Ray and Resistivity logs and checked
against well cuttings and cores (Geospec Drilling, 2016).
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local hydrogeology and determine whether well reconstruction could
be used to help reduce increasing arsenic concentrations in selected
municipal wells. Subsurface sediment cores were collected from four
locations, three were near the PWS (PWS1, PWS2, and PWS4) and
one in the Frenchman creek sediment bed. Locations of the PWS
wells and multilevel groundwater monitoring wells (GMWs) relative
to Frenchman creek in Wauneta, NE are provided in Fig. 1. GMW-5–
50 and GMW- 6–135 are located in the north east side of the creek
near the vicinity of PWS1. GMW-5-50 and GMW-6–135 represented
Zone A and Zone C respectively. PWS2, is located at the center of
the city. GMW-1–175, GMW-2–147, GMW-3–105, and GMW-4–77
are located near PWS 4 and represented Zone C, B, A, A, respectively. Additional groundwater samples were collected from monitoring wells near Wauneta High School (WHS), #FP 1, 2, and 3, and
Recovery wells (RDW) 1 and 2 previously installed to remediate petroleum contamination.
Groundwater samples for arsenic species were collected using a
peristaltic pump and immediately filtered (0.22 μm, Whatman GD/XP,
GE USA) into brown polyethylene bottles (pre-treated to remove contamination) and preserved by the addition of 0.5 ml of 0.1 M ethylenediamine tetracetic acid (EDTA, Sigma-Aldrich, St. Louis, MO, USA) and
hydrochloric acid (HCl TraceMetal™ Grade, Fisher Chemical™, USA).
This preservation method has previously been reported to be suitable for stabilizing concentrations of As(III) and As(V), and can also
be used for dissolved arsenic (Samanta and Clifford, 2005; Wu and Pichler, 2016). For dissolved arsenic, the filtered samples were preserved
by acidification (pH<2) with conc. nitric acid (trace certified 67% (16
M), Merck, USA). Samples collected for total arsenic were unfiltered
and preserved with nitric acid (pH<2). Multiple unfiltered and filtered
(0.22 μm, Whatman GD/XP, GE USA) surface water samples for total arsenic, dissolved arsenic and arsenic speciation were collected
by hand in separate bottles from the headwater of Frenchman creek
(FC-HW), 5 m away from the headwater (FC-HW-5 m), Ender’s Reservoir (ER), Ender’s Reservoir dam (ERD), and Frenchman creek water
near PWS-1 (FC-PWS1), and preserved similar to groundwater samples. Additional water samples were later collected from monitoring
wells for major ion analysis and dissolved organic carbon to help with
interpretation of arsenic results.
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Saturated zone sediment cores were collected from four locations
around Wauneta: PWS 1, PWS 2, PWS 4, and Frenchman creek (Fig.
1a). Intact cores (0.045 m by 1.52 m) were collected by a direct-push
method (Geoprobe Systems, USA) with sediment contained in polyacetate liners supplied by the company. At PWS 4, a layer at 12.9 m was
impenetrable by the direct-push unit and that coring required the use
of mud-rotary drilling with water or bentonite drilling mud. Once the
impenetrable layer at 12.9 m was penetrated the Geoprobe was re-positioned over the borehole to resume drilling. As such sediment samples were not collected from 12.9 m to 15.2 m at this location. Upon
collection, caps were placed on the sediment cores and sealed with
paraffin wax. The cores were then placed in argon-flushed polyvinyl
chloride (PVC) tubes, shipped on ice until transfer to a walk-in cooler
(–4°C) to help maintain subsurface conditions. Core sediments were
later processed in an anaerobic glove bag (5% H2, 19% CO2, balance
N2) to assess the concentrations and valance state of iron and arsenic
in the collected sediments.
2.3. Geochemical analyses
Dissolved arsenic was measured using a hexapole inductively coupled plasma mass spectrometry (ICP-MS) (Platform XS, GV Instruments, Manchester, UK), calibrated over the range of 0.1–100 μg
L–1 using standards prepared in 1% nitric acid (Optima Trace Metal
Grade, Fisher Scientific™, USA) from a stock standard of 1000 mg L–1
(SPEX CertiPrep) obtained from Fisher Scientific (St. Louis, MO, USA).
Arsenic species were separated and measured using ion chromatography (IC) with multi-mode ion exchange chromatographic column
(ASK-1, Micromass, Manchester, UK) directly coupled to the ICPMS (Xie et al., 2002). A mobile phase of 10 mM NH4NO3 and 0.05%
HNO3 supplied by an isocratic HPLC pump (SSI Series I, State College, USA) provided separation of As(III) and As(V). Calibration standards of As(III) and As (V) were prepared from sodium arsenite and
sodium arsenate, respectively (Sigma Aldrich, St. Louis, MO USA). The
response and calibration for As(III) and As(V) species were checked
under the same instrumental conditions as the samples using certified standards (SPEX CertiPrep) obtained from Fisher Scientific (St.
Louis, MO, USA).
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Subsequently-collected water samples were analyzed for pH (SympHony multimeter with multiprobe, VWR, USA), major cations (Ca2+,
Mg2+ and Na+) and major anions (HCO3–, Cl–, NO3–, SO42–, and F–) following US EPA methods at the Nebraska State Department of Health
Environmental Laboratory, Lincoln, Nebraska, USA. Dissolved organic
carbon (DOC) was measured by the hot persulfate oxidation method
using an OI Model 1010 Carbon Analyzer (OI Analytical, College Station, TX, USA). The core sediments were sampled and characterize for
pH (SympHony multimeter with multiprobe, VWR, USA), oxidation-reduction potential (ORP) (SympHony multimeter with multiprobe, VWR,
USA), iron, and easily mobilized arsenic in an anaerobic chamber using a sterile technique. Quality controls for dissolved and extracted
arsenic, arsenic species, and dissolved organic carbon included analysis of method blanks, fortified method blanks, and laboratory duplicates at a frequency of not less than 5%. Blank concentrations were
below detection, laboratory duplicates results fell within 10% of each
other and results for diluted certified reference standards by IC-ICPMS showed good agreement (±10%) with expected values.
2.4. Sequential extraction
Extraction of arsenic forms associated with different phases in subsurface and creek bottom sediments (n = 3) was done by the modified five step sequential extraction procedure (SEP) (Hamon et al.,
2004; Haque et al., 2008; Wenzel et al., 2001). Fig. S1 provides the detailed SEP scheme. Actual toxicity of many contaminants like arsenic,
which occur in soils and sediments have been found to be dependent
on the relative ease with which the fractions leach out of solid phase
rather than their total concentrations (in soil, sediments and minerals) (Wenzel et al., 2001). The method was validated by processing a
standard reference material (SRM) 2710a, which is a soil from Montana, USA with a particle size <74 μm.
The partition coefficient was calculated using the ratio of the quantity in the soil/sediment (CT) phase to the quantity that has been
leached out (CL) Krupka et al., 1999, using the formula (1):
Kd =

CT
CL

(1)
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Two different partition coefficients were calculated in our studies,
Kd1 (where the sum of fractions I and II of arsenic fractionation was
taken as CL) and Kd2 (where the groundwater arsenic level of the corresponding sites was considered CL). Comparative values of Kd1 and
Kd2 were evaluated and then assessed against other variables by utilizing correlation coefficient to ascertain the trend. Sediments from
Frenchman creek were from creek bed (FC-A) and 3 m depth (FC-B),
PWS1 sample at 5.8 m (PWS-1A) and 34.4 m (PWS-1B), and at PWS 4
sample at 18.8 m (PWS-4A) and 34.5 m (PWS-4B). FC-A 0.03 m (creek
bed sediment sample, to understand influence of creek bed sediments
in surface head water arsenic species concentration) and FC-B at 3.3
m (deeper sediment sample for understanding influence of groundwater–surface water interaction on the sediment cores of the creek),
PWS1-A at 5.8 m just above the water level (Fig. 1b) and PWS-1B at
34.4 m for deeper sediment and PWS4-A at 18.9 m just above the water level (Fig. 1b) and PWS-4B at 34.7 m depth for deeper sediments,
as sampled in PWS1.
2.5. Arsenic desorption rates
Desorption rates of arsenic from core sediments (n = 3) were determined by equilibrating with a solution that mimicked the groundwater chemistry, artificial groundwater (AGW) detail of composition
can be found in Supporting Information (SI) Table S1, of the study
area at a solid to solution ratio (SSR) of 1:10 for 24 h in anoxic condition. The aliquot was then centrifuged and filtered through 0.45
μm PVDF syringe filter. Half of the liquid was acidified and stored
for arsenic analysis by ICP-MS and the remaining half was passed
through a Supel-Select SAX (Sigma, USA) filter to remove As(V)
from the liquid. Further, the labile arsenic in the sediments was desorbed quantitatively, with minimal dissolution of crystalline matrix, by equilibrating with the CARB solution (14.4 mM NaHCO3 +
2.8 mM Na2CO3) at 1:10 SSR for 384 h (Hafeznezami et al., 2016;
Kohler et al., 2004).
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2.6. Sequential extraction of iron
Functional forms of iron in selected core samples were determined by
sequential extraction. The amorphous Fe-oxyhydroxides (FeAmorphous)
were extracted by equilibrating three sediments replicates and 0.25
M NH2OH.HCl in 0.25 M HCl at 50 °C for 0.5 h (Chao and Zhou, 1983),
The poorly crystalline iron 3 MPoorly crystalline Fe forms3M-HCl were
extracted by equilibrating the sediments with 3 M HCl for 24 h (Fredrickson et al., 1998; Stookey, 1970), and total iron (FeTotal) extracted
using concentrated nitric acid (HNO3) and hydrogen peroxide (H2O2)
microwave digestion on a MARS XPress microwave (CEM Corporation, Matthews, NC USA) . The SSR for all the extractions were ≈ 1:10.
2.7. Statistical analyses
Statistical analysis of collected data were carried out in Microsoft Excel and Origin Pro 2019b software. Data were tested for normal distribution and homogeneity of variance. Mean and standard deviation were calculated for replicate data. Pearson correlation co-efficient
were performed to statistically analyze the data for correlations and
significance was considered at p < 0.01 value.
3. Result and discussion
3.1. Occurrence of As(III) and As(V)
Fig. 2 illustrates the concentration and distribution of arsenic species
in groundwater and stream samples. Dissolved arsenic ranged from
~3–18 μg L–1 with highest levels occurring in the groundwater samples. Reduced As(III) species were detected mostly in groundwater but
also comprised about 41% of the arsenic content (~16.0 μg L–1, ~9.6
As(V) μg L–1 and ~6.4 As(III) μg L–1) at the Frenchman creek headwater.
Reduced As(III) was absent in rest of the creek location (Fig. 2), even
5 m away from the headwater of Frenchman creek (FC-HW-5 m). Reduced As(III) was detected in about 50% of groundwater samples and
comprising roughly 10–50% of measured arsenic (Fig. 2).
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Fig. 2. Concentrations of arsenic species with variability in groundwater and surface water samples collected at Wauneta, NE. GMW: Groundwater monitoring well;
PWS: Public water supply; WHS: Wauneta High School; RDW: Recovery Well; FCHW: Frenchman creek-Headwater; ER: Enders’ Reservoir; FCPWS1: Frenchman creek
near PWS1. Sampling was carried out in 2016 and multiple samples were collected
from different monitoring wells in a single location. The horizontal line at 10 μg L–1
is maximum contamination level for arsenic in drinking water.

The upstream gaining stretch of Frenchman’s creek is influenced
by groundwater inflow and likely receives reduced As(III) species by
way of groundwater or diffusion from streambed sediments (Fig. 3a).
The occurrence and short term stability of As(III) at the headwaters
may be supported by reducing conditions (ORP = –192.9 mV; Table
S2), and elevated levels of dissolved organic carbon in the headwater
of the creek (10.8 mg-C L–1, Table S3). Instream processes and watershed processes can elevate organic carbon content in streams (Mulholland, 1997), and is likely contributing dissolved organic carbon to
the headwater of the creek. The significant concentration and proportion of As(III) in the surface water is unexpected, as As(III) should
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readily oxidize to As(V) in surface water. The proportion of As(III) is
not sustained at sampling locations downstream where arsenic was
found to be entirely oxidized (Fig. 2). In contrast, approximately 50%
of the groundwater samples from GMW-6–50, PWS-1, GMW-4–77,
GMW-3–105.5, GMW-2–147 and GMW-1–175–5, contained measurable As(III). GMW-6–50 and PWS-1 had 53% and 37% As(III) of the total arsenic content (Fig. 2). Further, As(III) in several wells, specifically
GMW-5–135 located at the same vicinity as PWS1 and GMW-6–50,
was below the detection limit.
Groundwater chemistry is predominantly of Ca-Mg-HCO3 type (Fig.
S2) with a systematic difference between gaining and losing sides of
the stream. Groundwater collected from the northeast side of creek
were Ca-HCO3 type whereas samples from southwest were Mg-HCO3
type. The pH of groundwater was in the range of 7.2 – 8.3, most of
pH values were close to 7.5. DOC concentrations ranged between 0.5
and 5.4 mg-C L–1 in the groundwater samples, and the headwaters of
Frenchman creek contained much higher concentrations, up to 10.8
mg- C L–1 (Table S3).
The total acid-leachable arsenic concentrations in sediment samples were high but generally less than 1553 μg kg–1, except at Frenchman creek, where the creek bed sediments concentration of arsenic was close to 4218 μg kg–1 (Fig. 3(a–d)). The enrichment in the
streambed suggests that the bottom sediments of Frenchman creek
may serve as a local sink for arsenic. mobile arsenic varied from 16%
to 71% of the total arsenic present in the sediments (Fig. 3e). PWS1
sediments had 71% of arsenic in mobile form, which was followed
by Frenchman creek bed sediments at 45%. Further, both these sites
(PWS1 and Frenchman creek) sediments mobile arsenic had As(III) as
the major species (~68%), with PWS1 sediments containing almost
87% of As(III). PWS1 sediments were followed by Frenchman creek
sediment at 3.3 m depth (76%) and PWS4 sediment at depth 34.7
m (68%). It is interesting to see similar As(III) concentration in sediment samples at the water level (PWS1-A, 5.8 m) and deeper cores
(PWS1-B, 34.4 m) for PWS1. In contrast, PWS4 samples at water level
(PWS4-A, 18.9 m) shows higher As(V) concentration compared to
PWS4-B at 34.7 m depth, which is comparable to that of PWS1-B at
similar depth (34.4 m). The higher levels of reduced arsenic in the
sediments of creek bed and PWS1, which may primarily feed water
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Fig. 3. Concentration of ArsenicTotal, ArsenicMobile, Poorly crystalline Iron Fe3 M-HCl, Poorly
crystalline reduced iron (Fe(II)), and Amorphous iron in the saturated sediments of a)
Frenchman creek, b)PWS1, c)PWS2 and d) PWS4. e) Shows the fraction of As(III) and As(V)
present in the AsMobile phase of depth specific sediments from FC-A at depth 0.03 m (sediment bed sample) and FC-B at 3.3 m depth (deeper sediment sample for understanding
surface and groundwater interaction), PWS-1A at 5.8 m depth just above the water table and PWS-1B at 34.4 m depth for deeper sediment and PWS-4A at 18.9 m depth just
above the water level and PWS-4B at 34.7 m depth for deeper sediments similar to PWS1.
Mean values of three replicates are shown and error bar represents standard deviation.
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to Frenchman creek (Fig. 1b), can serve as the source of arsenite for
the surface headwater of the creek.
The proportion of solid-phase Fe(II) (>80% of Poorly crystalline
Fe3 M-HCl and >21% FeTotal) was also highest in the Frenchman creek sediment bed sample (Fig. 3a, Table S2), and high levels of solid-phase
Fe(II) is also consistent with reducing conditions in creek bed. ORP
fluctuated between 207.7 to –332.0 mV throughout the depth profile
of Frenchman creek, with intermittent positive and negative ORP’s in
between, indicating redox hotspots with unique anoxic-oxic-anoxicoxic layers within the sediments (Table S3). The pH of the Frenchman
creek sediments averaged 6.5 ± 0.3, similar to other sediments.
3.2. Mobility of sediment-bound arsenic
This location differs from other well-studied high arsenic surface and
groundwater systems due to the inflow of iron-rich groundwater upstream and the influence of reducing sediments within a creek bed
(Table S2). Sediment geochemical analyses (Fe, Fe(II) and arsenic) revealed two compartments of easily-mobilized arsenic: (1) arsenic derived from Frenchman creek and (2) arsenic sourced from the aquifer
sediments (Fig. 4). Sequential extraction was used to help identify the
primary arsenic reservoirs and processes. Measurement of the partition coefficient (Kd) helps characterize mobility of arsenic (Tessier et
al., 1979). Sequential extraction procedure was carried out in five “operationally defined phases,” on sediment samples to study the phase
distribution of arsenic and thus understand the sediment-water interaction induced arsenic mobilization in the groundwater.
The overall sequential extraction results suggest that arsenic is being mobilized from stream bed sediments of Frenchman creek as well
as aquifer sediments. Sediment samples exhibit total arsenic in the
range of 0.39–4.22 mg kg–1 with a potential to further leach 8.3–99.75
μg L–1 of arsenic to the groundwater (Fig. 4a). Further, mobile arsenic
fractions has a significantly strong positive correlation with Fe(II) (r =
0.77, p < 0.01), which may indicate the reductive dissolution of biogenic crystalline iron minerals containing arsenic such as, arsenic adsorbed iron(oxyhydr)oxides, as the principal source of mobile arsenic
(Fig. 4a). Two different partition coefficients Kd1 and Kd2 were calculated using sum of arsenic fractions I & II and groundwater arsenic
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Fig. 4. (a) Results of selective arsenic extractions fractionating total arsenic present in the sediment into weakly adsorbed (Physisorbed), strongly adsorbed (Chemisorbed), poorly crystalline iron or aluminum oxides, well crystalline iron or manganese oxides, and in residual phases (mean (n = 3) ± standard deviation (μg kg–1))
in six samples are tabulated. Percentage composition, shown in figure, of different
fractions indicate the presence of more than 50% of potential mobile pool (without residual). (b) Leaching potential of arsenic demonstrated by partitioning coefficient (Kd) for six samples (n = 3). 4 A)
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level of the corresponding sites as the concentration in liquid (CL) respectively. Most of the sites (other than PWS-1B (34.4 m depth) & 4
A (18.8 m depth)) showed good agreement between both Kd which
imply that first two fractions of arsenic in the sediment govern arsenic concentrations in the groundwater (Fig. 4b).
Desorption experiments were carried out on selected sediments
from Frenchman creek (FC-A, B), PWS 1A, B, and 4A, B. Frenchman
creek bed sediment showed higher desorption rate (Fig. S3), which
was almost 2–5 times higher than other sediment samples. PWS-1A
sample at 5.8 m depth also showed relatively higher desorption (1.2–
1.8 times) of arsenic compared to rest of the samples, however it was
half than Frenchman creek bed (FC-A, 0.03 m) sediment. PWS 4 samples showed the least tendency to lose arsenic from its sediments, although these samples had comparable amount of arsenic present in
the sediments, subsequently PWS 4 groundwater samples had less
amount of arsenic. These results indicate that the tendency of releasing arsenic from the sediments is enhanced in the Frenchman creek
sediment bed samples, which is well-supported by the elevated arsenic concentration in the creek water sample.
Arsenic species, As(V) or As(III), is known to be dominant based on
the changes in surface-groundwater gradients and Fe(II) and As(III)
generally co-occur, depending on changes in water level and water
chemistry of aquifer (Nadakavukaren et al., 1984; Schaefer et al., 2016).
The presence of As(III) at the stream headwater may be due to prevalence of iron-rich clays (Cuadros, 2017; Hofstetter et al., 2003; Kostka
et al., 2002; Mensah et al., 2020) at a location heavily influenced by
groundwater inflow (Ernstsen et al., 1998). After entering the stream
environment, arsenic is slowly oxidized and readily absorbed in carbonate-rich bed sediments (Romero et al., 2004). Reduced As(III) has
previously been reported in carbonate-rich groundwater, where Fe(II)
partitions in carbonate cements (Szramek et al., 2004). Other mechanisms of arsenic release in this system includes reductive dissolution of As(III)-bearing iron oxides by biotic processes or by chemical
weathering of arsenic-enriched sedimentary layers followed by subsequent direct reduction of As(V) to As(III), sulfur redox reactions occurring in saturated and unsaturated conditions can also impact arsenic availability (Laing et al., 2009; Mensah et al., 2020). Given the
preponderance of elevated As(III) in stream bed sediments, reductive
dissolution and release of arsenic into the stream water is more likely.
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3.3. Conceptual hypothesis for occurrence of As(III) in surface water
Interestingly, As(III) species was found to be prevalent in the headwaters of Frenchman creek. The unique observation at the present study
site provides an example where reduced As(III) can occur and persist in
an aerobic surface water environment. The creek bed sediments presented distinctive oxic-anoxic zones, and partition co-efficient values
point to elevated arsenic leaching potential from creek bed sediments
indicating considerable concentration of mobile arsenic. The mobile
arsenic pool presumably governs the concentration of arsenic in the
surface and groundwater. Further, the interaction of surface water and
groundwater at the headwater site of Frenchman creek controlled arsenic mobilization and sustained redox-sensitive species.
A conceptual model depicting the mechanism of arsenic in the current study area has been proposed (Fig. 5). It appears, the dynamic
nature of surface water – groundwater interaction at the headwater of the creek can increase arsenic concentration at the study area.
Reductive dissolution of iron-(oxyhydr)oxide minerals in creek bed,
which serves as the redox hotspot, releases As(V) which is subsequently reduced to As (III) (Langner and Inskeep, 2000). This is suggested by equilibrating the sediments with artificial groundwater (100
g/l sediment:liquid ratio) for 24 h, which resulted in ~11.1 ± 1.2 μg
L–1 arsenic (~8.6 ± 0.9 μg L–1 As(V) and ~2.5 ± 1.6 μg L–1 As(III)). The
redox fluctuation and interaction with DOC is known to impact arsenic geochemistry (El-Naggar et al., 2019; Frohne et al., 2011; Lemonte et al., 2017). Reducing conditions in freshwater soil is known to
release arsenic as a function of iron minerals and DOC (Shaheen et
al., 2016). Similar processes of releasing arsenic may be active in the
creek bed sediments which contained high arsenic. Prevalent redox
hotspots in the creek sediment bed, with distinct anoxic-oxic-anoxicoxic layers within the creek sediments, can initiate reductive dissolution of arsenic-bearing mineral oxides. As(III) in creek bed can interact with groundwater through mixing in the hyporheic zone, with the
blue arrows denoting the direction of groundwater flow and may impact arsenic concentration in groundwater. As(III) may later be oxidized to As(V), which may be due to microbial activity or due to the
presence of dissolved oxygen in the stream or porewater in the soil.
Arsenic-rich groundwater can be another probable source of arsenic
when it feeds the headwater of the creek (blue dashed arrows), high
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Fig. 5. Proposed conceptual model of arsenic release into the headwater of the
Frenchman creek at the study sites. Abiotic and/or biotic mediated reductive dissolution of iron-(hydr)oxide mineral surfaces in the creek bed of Frenchman creek
and groundwater-surface water interactions seems to be the main processes occurring in the aquifers of Wauneta, which can help in sustaining reduced arsenic in
the surface headwater of the creek.

DOC content most likely promotes microbial respiration. Inflow of
iron-rich groundwater will help maintain reducing conditions favoring the occurrence of As(III) prevalent in stream environment and the
creek bed, which is evident from elevated levels of Fe (II).
4. Conclusion
We have traced the imprints of arsenic speciation in the water and
sediment to understand the groundwater-surface water interactions
and its implication. The headwaters of Frenchman creek, a gaining stream that crosses the Colorado-Nebraska border, provided an
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excellent set up for the investigation that lead to detection of reduced
arsenic species, contrary to more prevalent situation of its oxidative
state. It has been further confirmed through selective dissolution extraction analysis of aquifer and stream bed sediments exhibiting the
presence of a bulk of the labile iron-rich oxy(hydroxide) minerals imbedded with arsenite. The presence of over one third of reduced arsenic in the surface and groundwater is threatening considering its toxicity and indicative of clay and rich organic matter induced creation
of anoxic environment. Overall, the occurrence of persistent and mobile As(III) in a gaining stream is relatively novel and the co-occurrence of reduced iron- (oxyhydr)oxides in likely maintaining reduced
zones along the lower reaches of Frenchman creek, which has several
environmental and health implications. The long-term influence of
groundwater – surface water interaction in this region likely sustains
reducing conditions and may stabilize reduced arsenic in the surface
headwater. Although, further investigation will require through characterization of the microbial population and abiotic facilitated mobilization of the sediment fractions, evaluation of surface-complexation
and use of isotope tracers to explore the mechanics of arsenic enrichment and mobilization. It is very certain that in arsenic hotspots areas not only groundwater threatens the human population, but such
small drains, creeks, lakes and other surface waters that are often used
for irrigation, can cause much toxicity through being accumulated by
staple food and vegetables. The present observation can be extrapolated to other similar hydrological setup, where surface water and
groundwater interacts and can be prevalent around the globe with
similar conditions, stabilizing reduced trace element species in surface water environment.
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Supporting Information

Fig. S1. Sequential fractionation procedure (SEP) for arsenic fractionation

S1

The anion chemistry of the analyzed samples showed that HCO3-, Cl-, NO3- and
SO42- are the dominant anions in the groundwater and follows the abundance order of
HCO3- > SO42- >NO3- > Cl- > F- in majority of the groundwater samples. The piper plot
[1] (Figure S1) indicates groundwater is predominantly of Ca-Mg-HCO3 type. More
precisely, groundwater collected from the northeast side of creek were Ca-HCO3 type
whereas samples from southwest were Mg-HCO3 type (Figure 1b). The pH of water
was in the range of 7.2-8.3, with most of the sample's pH value close to 7.5.

Fig. S2. Trilinear Piper diagram illustrating overall water facies at FMC-PWS-1 (I),
GMW-6-50 (J), GMW-5-135(K) and GMW-1-175.5 (P). Most of the samples fall in
Ca-HCO3 type illustrating good recharge/infiltration.

S2

Fig. S3. Shows desorption rate of arsenic for selected sediment samples FC:
Frenchman Creek at FC-A at 0.03 m and FC-B at 3.3 m depth, PWS1-A at 5.8 m and
PWS1-B at 34.4 m depth, and PWS4-A at 18.9 m and PWS4-B at 34.7 m depth.

S3

Table S1. Composition of artificial groundwater (AGW)
Parameters
Unit
Values
pH
-7.5
Ca
mg/l
59.5
Mg
mg/l
38.0
Na
mg/l
20.5
NH4
mg/l
1.7
HCO3
mg/l
184.4
Cl
mg/l
94.2
NO3
mg/l
10.9
SO4
mg/l
27.3

S4

Chemicals Used

NH4Cl, NaHCO3,
NaNO3, MgCl2.6H2O,
Ca(OH)2,
MgSO4.7H2O

Table S2. Depth-wise oxidation-reduction potential (ORP), pH, and % FeII ((FeII
/poorly crystalline FeTotal)*100%) for sediments from PWS 1, 2, 4 and Frenchman
creek.
Start
Depth
(m)

End Depth
(m)

pH

4.6
7.2
12.2
12.5
13
13.3
13.7
14
18.3
18.6
19.1
19.4
21.3
24.4
24.7
33.5
33.8
34.1
34.6

5.3
7.6
12.5
13
13.3
13.7
14
14.5
18.6
19.1
19.4
19.8
22.1
24.7
25.1
33.8
34.3
34.6
35.1

6.6
6.1
6.4
6.4
6.5
6.5
6.8
6.6
6.7
6.4
6.5
6.6
6.4
6.8
6.8
NA
NA
6.1
6.4

Start
Depth
(m)

End Depth
(m)

pH

9.1
9.4
19.8
20.1
24.4
24.7

9.4
9.9
20.1
20.6
24.7
25.1

NA
NA
6.7
6.6
6.3
5.8

Start
Depth
(m)

End Depth
(m)

pH

18.3
18.6
30.5
30.8

18.6
19.1
30.8
31.2

6.7
6.2
5.6
6.2

ORP
(mV)
PWS 1
126.1
193.2
20.4
237.6
119.9
139.5
224.9
193.3
-6.9
-19
-137
-99.8
133.5
-163
-194
NA
NA
137.4
112.9
ORP
(mV)
PWS 2
NA
NA
-223
-225
126.8
106.3
ORP
(mV)
PWS 4
-80.3
-6.5
101.3
188.1
S5

% FeII from poorly
crystalline FeTotal

35
2.9
1.4
0
38
0
6.1
0
14.9
26.9
90.6
90.5
4.7
13.9
36.2
8.5
7.3
50
14.6
% FeII from crystalline
FeTotal

36
3
26
0
10.4
20
% FeII from crystalline
FeTotal

21
35
21
30

33.2
33.5
34
34.3
41.9
42.2
46.5
46.8

33.5
34
34.3
34.7
42.2
42.7
46.8
47.2

6
5.8
6
6
5.4
5.7
6.2
6.5

-100.8
-121.7
-101.1
-61
59
25
-80
-67.4

23
14
11
17
0
10
22
46

Start
Depth
(m)

End Depth
(m)

pH

ORP
(mV)

% FeII from crystalline
FeTotal

Creek bed
0
0.3
0.3
0.8
0.8
1.5
1.5
1.8
1.8
2.3
2.3
2.6
2.6
3
3
3.4
3.4
3.8
3.8
4.1
4.1
4.6
4.6
5.3
5.3
5.6
5.6
6.1
6.1
6.4
6.4
6.9
7.6
8.4
8.4
8.7
8.7
9.1
* NA = not analyzed.

Frenchman Creek
6.4
-192.9
6.4
56.6
6.3
-36.5
6.2
71.4
6.8
-56.9
6.7
-89.8
6.6
22.2
6.8
7
6
120
6.5
133.9
6.9
-238.9
7
-236.3
6
176.8
5.9
207.7
5.8
195.4
6.7
-169
6.4
-51.8
6.7
-185.4
6.6
-332
6.8
-291

S6

88
81
79
15
78
88
10
0
16
37
12
32
29
2
0
4
32
44
35
8

Table S3. Shows dissolved organic carbon (DOC) concentration in water samples.
Groundwater
Sample ID
DOC
µg-C g-1
GMW-6-50
0.63
GMW-5-135
0.99
PWS-1
0.99
GMW 4-77
0.76
GMW 3-105.5
0.69
GMW 2-147
1.32
GMW 1-175.5
0.52
WHS-FP1
1.60
WHS-FP2
2.06
WHS-FP3
3.66
RDW-1
0.75
RDW-2
0.69
PWS-4
0.52
Surface water
Sample ID
DOC
µg-C g-1
FMC-HW
10.85
FMC-HW-5m
5.62
ER
5.39
ERD
3.21
FMC-PSW-1
3.02
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